We report here on the discovery of an extended halo of metal-poor red giant branch (RGB) stars in the Andromeda spiral galaxy (M31). Our ongoing survey of M31 includes wide-field deep optical images in the intermediate-width DDO51 band and Washington system M and T 2 bands obtained with the Kitt Peak National Observatory 7 4 m telescope and Mosaic camera. The DDO51 band allows us to screen M31 RGB star candidates from foreground Galactic dwarf star contaminants. The imaging is followed up with spectroscopy using the Keck II 10 m telescope 8 and DEIMOS. A combination of photometric and spectroscopic diagnostics is used to reliably isolate M31 RGB stars; these stars are seen in all of our fields out to a projected distance of 165 kpc from M31's center. These 1 UCO/Lick Observatory, University of California Santa Cruz, 1156 High Street, Santa Cruz, CA 95064. -2 -newly discovered RGB stars represent the hitherto elusive stellar halo of M31. The surface brightness of M31 beyond r>30 kpc is characterized by a power law, r −2.6±0.3 , distinct from the Sérsic profile that characterizes its extended bulge. Our data show that M31 is 3-5 times larger than any of its previously mapped spheroidal/disk components. Together, the Galactic and M31 halos span >1/3 of the distance between them, suggesting that stars occupy a substantial volume fraction of our Local Group, and possibly most galaxy groups.
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Introduction
Understanding galaxy formation involves look-back and fossil-record studies of distant and nearby galaxies, respectively (Searle & Zinn 1978; Koo & Kron 1992; Majewski et al. 2003; Governato et al. 2004) . Fossil records in the form of debris trails in our Galaxy's halo of old stars provide evidence of "bottom-up" formation via tidal disruption/merging of dwarf satellite galaxies (Johnston et al. 1996; Helmi & de Zeeuw 2000; Bullock et al. 2001) , but it is difficult to study our Galaxy's large-scale structure from within. Studies of our neighbouring Andromeda spiral galaxy (M31) have concluded that its spheroid contains metal-rich stars out to a radius of 30 kpc with an exponential r 1/4 falloff in density thereby resembling a galactic "bulge" (Pritchet & van den Bergh 1994; Durrell et al. 2004) . Were M31's true stellar halo to be found, our detailed yet global view of its dynamics, substructure, chemical abundance, and age distribution would directly constrain hierarchical halo formation models.
The M31 inner spheroid was resolved into old "Population II" stars in the mid-1940s (Baade 1944 ) but the first investigation of outer spheroid red giant branch (RGB) stars occurred 40 years later (Mould & Kristian 1986) and the last two decades have witnessed many key photometric studies (Pritchet & van den Bergh 1994; Durrell et al. 2004; Ferguson et al. 2002; Ibata et al. 2001; Pritchet & van den Bergh 1987; Rich et al. 1996) . While these studies set out to probe M31's halo, the observed properties out to r=30 kpc (for an adopted distance to M31 of 783 kpc) resemble those of the Milky Way (MW) bulge instead, albeit a larger/more luminous version. M31's surface brightness profile resembles a "de Vaucouleurs r 1/4 law", Σ(r) = Σ 0 exp[−7.67(r/r e ) 1/4 ], and it has a high mean metallicity albeit with a metal-poor tail (Durrell et al. 2004) ; the MW halo has an r −2.5 brightness profile and ≈5× lower mean metallicity. M31 has an r −2 surface density distribution of globular clusters out to at least r∼20 kpc (Racine 1991) and dwarf satellites out to r∼200 kpc (Evans et al. 2000) , but no associated halo field stars were found. In summary, M31 appeared to have a single field-star spheroidal component, a bulge, in contrast to the bulge and halo seen in the MW and other spirals.
Photometric and Spectroscopic Data
While M31's proximity makes it easy to detect its brightest RGB stars, it is difficult to identify them in the galaxy's sparse outer regions against the dense foreground/background of MW dwarf star/galaxy contaminants (Reitzel et al. 1998) . During 1998-2001 we imaged eleven 36 ′ ×36 ′ fields in the DDO51 band and Washington system M and T 2 bands using the Kitt Peak National Observatory Mayall 4 m telescope and Mosaic camera (colored squares in the main part of Fig. 1; Ostheimer 2002) . The intermediate-width (∆λ∼120Å) DDO51 band includes the 5170Å MgH/Mg b spectral absorption feature that is weak (strong) for low (high) surface gravity RGB (dwarf) stars (Majewski et al. 2000) . The imaging exposure time was ≈0.25-1.5 hr per filter per field and the seeing fwhm∼1 ′′ .
Standard iraf data reduction and daophot point-spread-function fitting techniques were applied to the Mosaic images to obtain photometry for each object. The M and T 2 instrumental magnitudes were transformed to Johnson/Cousins V and I, respectively, and corrected for reddening by foreground Galactic dust (Schlegel et al. 1998) . Each object detected in the Mosaic images was assigned a parameter f DDO51 (≈1/0 for RGB/dwarf stars) based on the fractional overlap of its error ellipse with the known dwarf star locus in the (M−DDO51) vs. (M−T 2 ) color-color diagram. We define "M31 RGB candidates" to be objects having f DDO51 >0.5 and star-like morphology; the term "candidates" distinguishes them from "confirmed RGB stars" that pass the L i criterion described below.
Medium-resolution spectroscopy of M31 RGB candidates was carried out with the Keck II 10 m telescope and DEIMOS in 2002 -2005 . The 1200 lines mm −1 grating was used to cover the wavelength range 6400-9200Å at a resolution of 1.3Å (fwhm). Data were obtained in ten fields (blue and brown squares in Fig. 1 ) through 23 multislit spectroscopic masks. Each DEIMOS mask has a footprint of ≈16 ′ ×4 ′ and contained 75-100 slits on M31 RGB candidates and lower priority "filler" targets in the brightness range 20<I 0 <22.5. Keck/DEIMOS spectra were also obtained for six DEIMOS multislit masks in the three inner fields H11, H13s, and H13d ( Fig. 1 inset) for which no DDO51 photometry is available; target selection in these fields was based on V -and I-band photometry derived from CFHT/MegaCam 9 images (Kalirai et al. 2006b ).
For all of our Keck/DEIMOS spectroscopy, with and without DDO51 preselection, slit width was 1 ′′ , the seeing fwhm 0.8 ′′ -1.0 ′′ , and the exposure time 1.0-1.5 hr per multislit (Ostheimer 2002) ; the pointings span a range of radial distances 2
• -12
• to the south of M31. The blue/brown squares mark fields in which we have followup spectroscopy with the Keck 10 m telescope/DEIMOS Gilbert et al. 2006; Kalirai et al. 2006a ). The brown squares are fields centered on M31 dwarf satellites: photometrically identified RGB candidates in these fields are excluded from the surface brightness plot (Fig. 3) , but spectroscopically confirmed RGB stars are included if their radial velocities indicate that they are non-members of the dwarf satellites. The 6.5
• ×6.5
• bold red square around M31 corresponds to the boundary of the inset Ferguson et al. (2002) star-count map. The small orange circles and squares in the inset are fields without DDO51 photometry for which we have Keck spectra using DEIMOS (Kalirai et al. 2006b ) and LRIS (Reitzel & Guhathakurta 2002; Reitzel et al. 2004) , respectively. The CCD mosaic image (Choi et al. 2002) at the center of the star-count map shows the traditional view of M31; the ellipse in the main part represents M31's visible disk and emphasizes how distant our fields are from the galaxy's center. Despite this, we have, to our surprise, found M31 spheroid RGB stars in each of our fields.
mask. The DEIMOS spectroscopic data were processed using custom-designed University of California Berkeley software to obtain one-dimensional spectra from which radial velocity estimates were derived via cross-correlation (for details see Guhathakurta et al. 2006 ).
Older LRIS data in the inner fields RG02 (Reitzel & Guhathakurta 2002 ) and G1 (Reitzel et al. 2004 ) are also analyzed.
Isolating Red Giants in M31
Radial velocities measured from the spectra allow us to identify/remove residual (compact) galaxy contaminants. We have developed a likelihood-based M31 RGB/MW dwarf star separation method using spectral and photometric diagnostics ): (1) radial velocity, (2) f DDO51 , (3) surface-gravity-sensitive 8190Å Na i doublet absorption line strength versus (V −I) 0 color, (4) location in the color-magnitude diagram (CMD), and (5) comparison of the spectroscopic metallicity, inferred from the 8500Å Ca ii triplet absorption line strength, with the photometric metallicity, inferred from the CMD location/RGB fiducials. Four of the five diagnostics are illustrated in Figure 2 . The x-axes of the two-dimensional metallicity and CMD diagnostics (latter not shown) are closely related but their y-axes are distinct: the former is based on the Ca ii spectral absorption line strength while the latter is based on broadband photometry. "Training sets", consisting of definite M31 RGB and MW dwarf stars drawn from fields close to and far from M31's center, respectively, were used to derive empirical probability distribution functions (PDFs) for each diagnostic.
The M31 RGB and MW dwarf star PDFs are distinct from each other, but have some overlap (especially for the CMD diagnostic) implying no single diagnostic is a perfect discriminant (Fig. 2) . Each star's measured parameters and corresponding PDFs are used to compute the probability of it being an RGB and dwarf star, P i giant and P i dwarf , for the i-th diagnostic. The overall likelihood is L i =Σw i log(P giant /P dwarf ) i /Σw i , where w i is the weight and the sum runs over the available diagnostics-all five for outer field targets, and all except f DDO51 for inner field DEIMOS targets (Kalirai et al. 2006b ). The stars in each field have a broad and roughly bimodal L i distribution with a minimum near 0: those with positive (negative) values are designated "confirmed" M31 RGB (MW dwarf) stars (for details see Gilbert et al. 2006) . Fig. 2. -Illustration of four of the five photometric/spectral diagnostics used to distinguish M31 halo RGB stars (r 80 kpc) from foreground MW dwarf star contaminants Gilbert et al. 2006) .
(a) Radial velocity distribution of confirmed RGB stars (bold histogram) contrasted against that of confirmed MW dwarf stars (dot-dashed histogram). These data are compared to empirical probability distribution functions derived from M31 RGB and MW dwarf "training set" stars (solid and dashed curves, respectively). The arrow marks the systemic velocity of M31's companion galaxy M33.
(b) Same as (a) for the parameter f DDO51 , which is based on the star's location in (M−DDO51) vs. (M−T 2 ) color-color space.
(c) Equivalent width of the Na i 8190Å absorption band vs. de-reddened (V −I) 0 color for RGB stars and dwarf stars (bold circles and crosses, respectively). Bold and thin contours show 10%, 50%, and 90% enclosed fractions for M31 RGB and MW dwarf star PDFs, respectively. (d ) Same as (c) for the photometric metallicity estimate (CMD based) vs. spectroscopic metallicity estimate (derived from the equivalent width of the 8500Å Ca ii triplet). The dot-dashed diagonal line shows the oneto-one relation. It is reassuring that the confirmed M31 RGB stars follow the RGB PDF and not the dwarf PDF for all diagnostics. Fig. 3 .-Surface brightness versus (effective) radial distance along M31's southeastern minor axis. Previous integrated surface brightness and star-count measurements (crosses) are well fit by the sum of an r 1/4 law bulge and an exponential disk (thin solid line) out to r≈20 kpc and possibly beyond (Pritchet & van den Bergh 1994) . The squares are based on counts of DDO51-selected photometric RGB candidates grouped into radial bins (Ostheimer 2002 ); the dashed line shows the adopted "background" level (Ostheimer et al. 2006, in prep.) . The error bars represent the quadrature sum of Poisson and 15% background subtraction errors. The filled (open) circles are based on confirmed RGB/dwarf star count ratios in our spectroscopic fields with (without) DDO51 photometric preselection. The field names, in order of increasing projected distance from M31's center, are: H11, H13d, H13s, RG02, G1, a0, a3, a13, d3, a19, m6, b15, m8, d2 , and m11. The RGB count has been statistically corrected for contamination by M31's disk (H13d and G1 fields), giant southern stream (H13s and a3), and dwarf satellite members (d2 and d3) using radial velocity data Reitzel et al. 2004; Kalirai et al. 2006b ). This step may add up to a 30% uncertainty over and above the Poisson errors shown. The measurements derived from DDO51-and non-DDO51-selected confirmed RGB stars have been normalized independently to match other measurements at small radii. Our brightness estimates are significantly in excess of the extrapolation of the bulge-and-disk fit beyond r≈50 kpc, but are consistent with an r −2.6 power law over the radial range 30-160 kpc (bold solid line).
M31's Surface Brightness Profile
Counts of M31 RGB candidates (point-like objects with f DDO51 >0.5) in our full KPNO/Mosaic data set were converted to surface brightness estimates (squares in Fig. 3 ) using the stellar luminosity function of the globular cluster 47 Tucanae (Ostheimer 2002) . A constant "background" (dashed line) was subtracted to statistically remove contaminants. The background level was estimated by forcing a match with the confirmed RGB sample at the largest radii (see below); the background uncertainty is ≈15% (Ostheimer et al. 2006, in prep.) . Our two data points at r≈20 kpc agree with previous measurements (crosses ; Pritchet & van den Bergh 1994) ; these points lie well above the background making them immune to background uncertainties. Beyond r>50 kpc the surface density of RGB stars relative to contaminants is so low that DDO51-based screening alone is not reliable.
M31's surface brightness was also estimated from the confirmed RGB-to-dwarf star count ratio times the expected surface density of dwarfs in each field (a function of Galactic latitude; see Ratnatunga & Bahcall 1985) . Since we want to measure M31's smooth spheroid, members of the dynamically-cold M31 disk (in the G1 and H13d fields), giant southern stream (a3 and H13s fields), and dwarf satellites (d2 and d3 fields) were statistically subtracted from the total RGB count using fits to the velocity distribution Reitzel et al. 2004; Kalirai et al. 2006b ). The brightness estimates based on DDO51-and non-DDO51-selected confirmed RGB stars (filled and open circles in Fig. 3) were normalized separately by forcing agreement with other measurements at overlapping radii (squares/crosses). The details of the derivation of surface brightness estimates from star counts is discussed by Gilbert et al. (2006) .
The previous M31 data compiled by Pritchet & van den Bergh (1994) were adequately fit by an r 1/4 law out to r≈30 kpc (crosses in Fig. 3 ). It has long been known that star counts can probe deeper than integrated surface brightness measurements (Pritchet & van den Bergh 1987) . Irwin et al. (2005) found evidence for a break in M31's minor-axis surface brightness profile based on their wide-field star count data. Our RGB/dwarf separation method enables us to trace M31's halo to unprecedented brightness levels: µ V ≈35 mag arcsec −2 . The resulting new brightness estimates lie well above the extrapolation of the r 1/4 law fit for r>50 kpc (filled circles/squares). This excess is independent of measurement technique and widespread (applies to all our outer fields). Our new measurements follow a power-law surface brightness profile, Σ(r)=Σ 0 r −2.6±0.3 , over the range r=30-160 kpc (solid line), similar to the MW stellar halo's profile slope (Morrison et al. 2000) . By analogy with the MW, it seems logical to label the r 1/4 law and r −2.6 power-law components M31's "bulge" and "halo", respectively. For bulge-dominated fields (r<30 kpc) that are not on the minor axis (Fig. 1) , the effective radial distance along the minor axis was calculated adopting a flat-tening of b/a=0.6, as measured for M31's inner spheroid (Pritchet & van den Bergh 1987 , 1994 . Besides having a distinct profile slope, M31's outer halo is significantly more metal poor than its inner spheroid: [Fe/H]≈−1.3 vs. −0.5 Kalirai et al. 2006a ), but comparable in metallicity to the MW halo (Morrison et al. 2000 (Morrison et al. , 2003 .
Discussion
The three confirmed RGB stars in our outermost m11 field lie at a projected distance of 50 kpc from M31's companion M33 and their mean velocity is within 100 km s −1 of M33's systemic velocity [ Fig. 2(a) ]. Poisson errors and M33's internal motions can account for the latter offset. We cannot exclude the possibility that these three RGB stars are part of a broad M31-M33 tidal bridge (Braun & de Thilker 2004) . Since M33's scale length and luminosity are smaller than those of M31, it is more likely that these stars are M31 members with r M31 =160 kpc rather than M33 members with r M33 =50 kpc (Mould & Kristian 1986 ).
The observed widespread spatial distribution (Fig. 1) and relatively large velocity spread (σ vel ≈50-100 km s −1 ) of M31's r>50 kpc RGB stars argues against them belonging to a single debris trail. Their velocity and metallicity distributions are consistent with those of M31's present-day dwarf satellites (Evans et al. 2000) . The large size of M31's halo, r≈160 kpc, and its observed line-of-sight velocity dispersion implies a circular orbital period of nearly 6 Gyr, but the orbits are probably highly eccentric and the period at least 10× smaller.
The halo contains ≈5% of the total luminosity, assuming it is in a smooth spherical distribution with a kpc-sized constant density core; the fraction may be much higher given the uncertainties in the brightness profile slope/shape/extent, and this could have implications for the light/stellar mass budget of the Universe. The presence of sub-structure such as debris trails (Ferguson et al. 2002; Ibata et al. 2001; Kalirai et al. 2006b ) and/or appreciable flattening cannot be ruled out given the limited spatial coverage of our survey. M31's halo structure and dynamics will be better characterized as larger spectroscopic samples become available in the future.
